A widely used rat model for refluxinduced esophageal adenocarcinoma in the absence of carcinogens involves induction of duodenoesophageal reflux by performance of esophagoduodenostomy. The aim of this study was to test the hypothesis that acid reflux reduces the incidence of adenocarcinoma in this animal model. Methods. One hundred ninety 8-week-old male Sprague-Dawley rats were studied. The animals were randomly divided into four groups with a different type of reflux established in each group. Group 1 had an esophagoduodenostomy for duodenogastroesophageal reflux (n ‫؍‬ 59), group 2 had an esophagoduodenostomy and a total gastrectomy for duodenoesophageal reflux (n ‫؍‬ 54), group 3 had an esophagoduodenostomy and a total gastrectomy with acid supplementation with acidified water to control for the effect of the gastrectomy (n ‫؍‬ 50), and group 4 had a total gastrectomy with Rouxen-Y reconstruction to eliminate all reflux (n ‫؍‬ 25). One hundred eighty-eight surviving animals were sacrificed at 36 weeks of age and the resected esophagi were examined.
INTRODUCTION
An experimental animal model in which esophageal adenocarcinoma develops as a complication of gastroesophageal reflux via Barrett's metaplasia is of great interest. Such a model would allow studies of the pathogenesis and the genetic alterations associated with this tumor and add to our understanding of reflux-induced carcinogenesis.
Surgically induced duodenoesophageal reflux in rodents with or without carcinogen treatment has become a widely used experimental model of refluxinduced Barrett's-like mucosa and esophageal adenocarcinoma [1] [2] [3] [4] [5] . Pera et al. and Attwood et al. have shown that surgically induced duodenoesophageal reflux increased the frequency and changed the histologic type of cancers from squamous to adenocarcinoma in nitrosamine-treated rats, concluding that duodenoesophageal reflux plays a role in the development of esophageal adenocarcinoma [6, 7] . Ireland et al. showed in a similar carcinogen-treated rat model that when a partial and total gastric resection was added to an esophagoduodenostomy, the prevalence of adenocarcinomas increased, concluding that gastric juice may protect from the development of esophageal adenocarcinoma [8] . More recent studies have suggested that reflux-induced adenocarcinomas may develop, even in the absence of carcinogens [9, 10] . Such a model would provide a model for the study of genetic events, unencumbered by the effects of nitrosamines used in the initial studies as a carcinogenic agent.
This study was designed to confirm the development of reflux-induced esophageal adenocarcinoma in rats not treated with carcinogens and to further test the hypothesis that acid reflux reduces the incidence of adenocarcinoma in this animal model.
MATERIALS AND METHODS
One hundred ninety 8-week-old male Sprague-Dawley rats (Harlan, Sprague-Dawley, Inc., Indianapolis, IN) were studied. The animals were kept in hanging metal cages on a 12-h light/dark cycle at a temperature of 70°C and humidity of 60%. Water and standard chow (Teklan, Rodent Diet 8604, Harlen) were given ad libitum. Operations were performed after an acclimatization period of 4 days. Before surgery, the animals were starved overnight, and water was discontinued on the morning of surgery. Rats were anesthetized with an intramuscular injection of xylazine hydrochloride (12 mg/kg) and ketamine (75 mg/kg). All operations were performed via laparotomy. Before closure of the abdominal wall, 1 ml of 0.9% sodium chloride was installed into the peritoneal cavity. Water was permitted when the animals awoke and chow was provided the following day. The rats were weighed every 2 weeks during the course of the experiment. Any rats that became ill or rapidly lost weight were killed. The experiment was ended 24 weeks postoperatively and the surviving animals were killed. The study was conducted with approval from the Institutional and Animal Care and Usage Committee of the University of Southern California.
Reflux Models
The animals were randomly divided into four groups with a different type of reflux established in each group.
1. Mixed reflux of gastric and duodenal juice (n ϭ 59). Esophagoduodenostomy (ED) with preservation of the stomach was made to induce reflux of gastric and duodenal juice into the esophagus (Fig. 1) .
2. Reflux of duodenal juice only (n ϭ 54). Esophagoduodenostomy and total gastrectomy (EDTG) was performed to induce reflux of duodenal juice alone (Fig. 1) .
3. Reflux of duodenal juice only with acid supplementation (n ϭ 50). Esophagoduodenostomy and total gastrectomy was performed as for the group designed to induce duodenal reflux only (Fig. 1) . Acid supplementation with acidified water was given to control for the hormonal and nutritional effect of the gastrectomy (EDTGA). Acid substitution using acid syrup was started 1 week after surgery. The syrup was prepared with hydrochloric acid at pH 1.8 (16 mmol/L) and sucrose (68 mg/ml) and was given ad libitum.
4. No reflux (n ϭ 25). Total gastrectomy with Roux-en-Y reconstruction (ROUX) was performed to divert the duodenal contents away from the esophagus (Fig. 1) . This control group served to study the influence of performing an enteroesophageal anastomosis. The Roux limb prevented reflux, thus removing the influence of reflux of any type.
All animals were operated on through an upper midline abdominal incision. After dissecting the posterior vagal trunk and the left gastric vessels from the esophagus the esophagus was divided just above the gastroesophageal junction. An end-to-side esophagoduodenostomy was constructed by anastomosing the distal end of the esophagus to a 4-to 5-mm duodenotomy made 1 cm distal to the pylorus. Eight interrupted full-thickness 7-O polypropylene sutures were used for all esophageal anastomoses. The operation used for the no reflux control group involved making a 4-to 5-mm jejunotomy 4 cm distal to the ligament of Treitz, constructing an antecolic Roux-en-Y end-to-side esophagojejunostomy, and an end-to-side enteroenteral anastomosis at least 25 cm distal to the esophagojejunostomy.
Gross and Histologic Evaluation
The animals were killed with an overdose of phenobarbital at 24 weeks after operation. After gross inspection of the thoracic and abdominal cavities for tumors, the foregut was resected from the cervical esophagus immediately inferior to the larynx to approximately 0.5 cm distal to the esophageal anastomosis. The esophagus was opened longitudinally and photographed. The esophageal length, the widest esophageal diameter, and the proportion of the esophagus that was macroscopically inflamed were measured. The presence of tumors and areas of esophageal columnar lining were noted. The specimen was divided lengthwise into two strips, which were placed in a single cassette in a "Swiss roll" fashion, enabling the full length of the esophagus to be examined microscopically. Fivemicrometer cut sections from the formalin-fixed, paraffin-embedded cassette blocks were stained with hematoxylin and eosin and examined in a blinded fashion by the pathologist.
The squamous epithelium was assessed histologically for evidence
FIG. 1.
Surgical models for different patterns of reflux: esophagoduodenostomy for duodenogastroesophageal reflux; total gastrectomy and esophagoduodenostomy for duodenoesophageal reflux; total gastrectomy, esophagoduodenostomy, and acid substitution to control for the hormonal and nutritional effects of the gastrectomy; total gastrectomy and Roux-en-Y reconstruction for no reflux.
FIG. 2.
Time course of weight changes during the course of the experiment.
of reflux-induced injury. Inflammation was classified as intraepithelial if eosinophils and/or neutrophils were seen in the squamous epithelium. Subepithelial inflammation was classified as acute or chronic based on the number of neutrophils, lymphocytes, plasma cells, and eosinophils present in the lamina propria, submucosa, and muscle layers. The inflammation was graded from 0 (no inflammation) to 3 (severe inflammation). Hyperplastic changes in the squamous epithelium, defined as an increased thickness of the squamous epithelium, with normal maturation, was graded in a similar fashion on a scale from 0 to 3. Finally, microscopic evidence of ulceration, neoplasm, or columnar epithelium admixed with squamous epithelium was recorded.
Statistics
Data are reported as median and interquartile ranges unless otherwise stated. Fisher's exact test was used to compare proportions between two groups and the 2 test was used to compare proportions among more than two groups. For continuous data, the MannWhitney U test was used to compare two groups and the KruskalWallis test was used for more than two groups.
RESULTS
The median body weight for each group of rats during the course of the experiment is shown in Fig. 2 . The group of animals with no reflux grew significantly faster than all the other groups. Animals with an intact stomach gained significantly more weight than the reflux models with gastrectomy.
Macroscopic evaluation of the esophageal specimens is shown in Table 1 . All animals with surgically induced reflux had gross evidence of esophagitis. In contrast, the animals in the no reflux control group that underwent total gastrectomy with Roux-en-Y reconstruction had a grossly normal esophageal mucosa along the entire length of the esophagus. The three reflux groups showed significant esophageal shortening and dilatation when compared to specimens from the no reflux group. Animals receiving acid supplementation had significantly shorter esophageal lengths than animals in all other groups.
No animal showed gross evidence of metaplastic Barrett's-type columnar mucosa. Similarly, there was no visible tumor growth on the lumenal surface of the esophagus or duodenum in any of the animals. Tumors were found, however, on the external surface of the bowel in a similar frequency in all groups. These tumors were located either at or immediately below the enteroesophageal anastomosis (Figs. 3 and 4) .
FIG. 3.
Tumor found on the external surface of the anastomosis. When the esophageal specimen was opened there was no tumor on the luminal surface .  FIG. 4 . Macroscopic appearance of a resected esophagus from a rat from the control group with gastrectomy and Roux-en-Y reconstruction. There is a tumor at the anastomosis, indicated by arrows, which is cut in half. The esophageal mucosa is grossly normal along the entire length of the esophagus. The mucosa overlying the tumor is normal and does not appear to be involved by the tumor.
Histologic Findings
The results of the histologic evaluation of the specimens are shown in Table 2 . All animals from the reflux groups showed histologic features of esophagitis including marked hyperplastic changes, increased thickness of the squamous epithelium, hyperkeratosis, and regenerative changes with papillomatosis and basal cell hyperplasia. These features were not found in any of the animals of the no reflux control group. Ulceration adjacent to the anastomosis was common in the groups with reflux but occurred in only one animal in the no reflux control group.
Adenocarcinomas were found in 51 (27.1%) animals. The tumors were uniform, highly differentiated mucinous adenocarcinomas, characterized by malignant infiltrative glands associated with lakes of extracellular mucin (Fig. 5) . The tumors were located on the external surface of the gut and seemed to originate in the submucosa. The mucosa overlying the tumors was not involved and not the site of tumor origin in any animal (Fig. 6) . Paradoxically, the prevalence of adenocarcinoma was highest in the no reflux control group, although there was no significant difference in tumor prevalence among the groups.
No definite columnar lining of the esophagus was seen histologically in any of the animals but an admixture of columnar and squamous epithelium was observed at the anastomotic site in all groups (Fig. 7) . The frequency of this finding was similar in all study groups, regardless of reflux status. There was no association between the presence of admixture of columnar and squamous epithelium and the presence of adenocarcinoma. Adenocarcinomas were found in 15 of 47 (31.9%) animals with an area of squamocolumnar epithelial admixture and in 35 of 141 (25.5%) animals without such an area (P ϭ 0.49).
No tumors were seen at the enteroenterostomy of the Roux-en-Y in the no reflux control group.
DISCUSSION
This study clearly demonstrates the injurious effect on the squamous esophageal mucosa of both mixed duodenal and gastric juice and duodenal juice alone. In this animal model of reflux, macroscopic esophageal injury was manifested as severe erosive changes in the lower two-thirds of the esophagus, distal esophageal dilatation, and esophageal shortening. Histologic evidence of injury included severe inflammation and marked hyperplasia of the squamous epithelium. In contrast, rats that underwent total gastrectomy with Roux-en-Y reconstruction showed no evidence of esophageal mucosal injury, indicating the absence of reflux.
Interestingly, the esophageal specimens of rats in the reflux models were significantly shorter than those without reflux and those of the group receiving acid supplementation were significantly shorter than those of the other reflux groups. Esophageal shortening was unlikely to be due to differences in weight among the groups as the anastomotic site was located at or above the hiatus in the animals in the reflux groups but remained intra-abdominal in those protected from reflux with a gastrectomy and Roux-en-Y reconstruction. This observation indicates that esophageal shortening occurred as a result of reflux-induced inflammation.
In humans, Barrett's esophagus is a condition in which the normal squamous epithelium is replaced by a metaplastic columnar epithelium. It is a complication of chronic gastroesophageal reflux disease and is associated with the development of adenocarcinoma of the esophagus and gastroesophageal junction [11, 12] . Consequently, the development of Barrett's esophagus and esophageal adenocarcinoma in animal models of reflux is a desirable goal and has previously been suggested to occur [1, 2, 4, 5, 9, 10]. Although we found no definite gross evidence of esophageal columnar lining in this study, an admixture of columnar and squamous epithelium at the enteroesophageal anastomosis was present microscopically in all study groups. Epithelial admixture in rats has previously been suggested to represent Barrett's metaplasia [5, 10] . In the current study it was unrelated to the presence of reflux, indicating that it does not represent metaplastic Barrett's mucosa. Alternative explanations may be that it is an artifact due to the way the specimen was embedded in paraffin and sectioned or it may be due to the implantation of columnar mucosa by the suture. Others investigators have reported columnar epithelium extending continuously from the esophagoduodenal anastomosis into the esophagus [1, 4] . In these reports, the columnar lined segment was not observed macroscopically and the extent on microscopic examination was generally limited to fractions of a millimeter. They hypothesized that the columnar epithelium from the duodenal side of the anastomosis may expand into the esophagus by creeping substitution as an adaptation to refluxinduced damage to the squamous epithelium. The very small extent of columnar mucosa reported raises the question as to whether this histologic finding truly represents a metaplastic process or, as suggested by our study, is the consequence of performing an esophagoduodenal anastomosis and therefore unrelated to reflux. In the absence of a control group with an esophagoduodenostomy and no reflux, this question remains unanswered. The development of adenocarcinoma in the present study was similar in all study groups and was not associated with the presence of reflux. In contrast to the human situation, in which there is a close relationship between the presence of Barrett's esophagus and esophageal adenocarcinoma, tumor formation in this study was unrelated to the presence of admixture of columnar and squamous epithelium. These results suggest that the tumors obtained in this study do not arise in the small areas of epithelial admixture and that there is no reflux-metaplasia-cancer sequence as in humans. It further supports the conclusion that admixture of columnar and squamous epithelium does not represent Barrett's esophagus. In contrast to our hypothesis, the group with Roux-en-Y reconstruction and no macroscopic or microscopic evidence of reflux had the highest incidence of tumors. In our previous study, 16% of the Roux-en-Y control animals developed adenocarcinoma [9] . It was believed that these tumors were the result of reflux not completely abolished due to a Roux limb that was too short. In the present study our goal was to eliminate all reflux in the control group by the performance of a longer Roux limb. This change in the surgical technique clearly affected the degree of esophageal mucosal injury. In contrast to our previous study the esophageal specimens in this group showed no gross or histologic evidence of reflux-induced injury. The tumors in the two experiments were macroscopically and histologically identical. The high incidence of adenocarcinoma in the group without manifestations of reflux suggests that the tumors develop independent of the presence of reflux.
Our findings further suggest that adenocarcinoma in this model does not arise from the mucosa, but rather may be submucosal in origin. It is also not clear whether they originate from the esophagus or the small intestine. None of the esophageal specimens, regardless of reflux group, showed evidence of intraluminal tumors and the mucosa overlying the tumor was uninvolved. Grossly, the tumors were always located on the external surface of the bowel, either at or immediately below the enteroesophageal anastomosis. Histologically, they were localized to the submucosa and presumably arise in cells of the submucosal glands. This observation was particularly clear in rats with no reflux that had a grossly and histologically normal mucosa abutting the anastomosis with no involvement of the tumor. Consequently, the origin and etiology of these adenocarcinomas remain unclear. It is possible that the tumors are related to the performance of an anastomosis between esophageal squamous and enteric columnar mucosa. This assumption is based on the observation that no tumors were found at the enteroentero anastomosis in the animals with Roux-en-Y reconstruction. Further, in a recent study Wetscher et al. found no esophageal tumors using an animal model of surgically induced reflux not including the performance of an esophagoenteric anastomosis. Duodenogastroesophageal reflux was induced in rats by the performance of a gastroenterostomy and a cardiomyotomy [13] but, despite the presence of severe reflux indicated by marked inflammatory changes in the esophagus, no adenocarcinomas were observed 1 year following surgery. It is unlikely that the tumors arise spontaneously. Although mucinous adenocarcinomas are the most common spontaneous intestinal tumors in the Sprague-Dawley rat, the reported incidence is only 1 per 216 rats 24 weeks or older [14] .
Based on the result of this study we suggest that the adenocarcinomas in this animal model are not refluxinduced and do not arise from the mucosa. Despite previous reports to the contrary, we suggest that this model may not be useful for the study of reflux-induced esophageal adenocarcinoma.
